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RADIOMETRIC ELECTRICAL LINE SENSOR
IN COMBINATION WITH MECHANICAL
ROTATING MIRROR FOR CREATING 2D

IMAGE

FIELD OF THE INVENTION

The present invention relates to the field of two dimen-
sional (2D) radiometric imaging. The present invention espe-
cially relates to a sensor unit.

DESCRIPTION OF THE PRIOR ART

Radiometric 1maging uses electromagnetic radiation to
obtain 1images of any kind of object. Radiometric imaging 1s
used 1n a multitude 11 applications including military, surveil-
lance/security, geometric, geologic, and industrial applica-
tions. By using different frequencies/wavelength, different
images can be obtained and different properties of 1maged
objects can be obtained. The wavelengths ranging from of
1000 mm to 1 mm are commonly referred to as microwaves.
Other definitions cite 300 mm for the upper bound of the
microwave spectrum and 10 mm for the lower bound. Elec-
tromagnetic radiation in the range from 100 mm to 10 mm 1s
commonly referred as centimeter waves and radiation 1n the
range from 10 mm to 1 mm 1s commonly referred to milli-
meter waves. Submillimeter waves are commonly seen as
ranging from 1 mm to 0.1 mm, but may also comprise still
smaller wavelengths from the far infrared. Submillimeter
waves are also referred to as Terahertz radiation. The smaller
the wavelength, the higher 1s the attainable resolution. Micro-
waves, millimeter waves and submillimeter waves penetrate
¢.g. clothes any may be used to detect objects carried by
human beings under the clothes.

In the optical region, cameras having a two dimensional
field of view allowing to obtain an 1image of the object are well
known and available at low prices. At other frequency regions
ol the electromagnetic spectrum, sensors operable to take a
two dimensional image might not be available commercially
or might be very expensive.

Active and passive sensor are known. Active sensors (e.g.
radar sensors) do emit electromagnetic radiation and detect
reflected radiation (response radiation), whereas passive sen-
sors do not emit electromagnetic radiation and do detect
radiation emitted by a sensed object. Passive sensor may, for
example, detect black body radiation emitted by an object due
to 1ts temperature according to Planck’s law.

It 1s well known to use a single pixel sensor 1n combination
with a rotating mirror for creating a line scanner/sensor.

By mounting such systems on moving objects like planes,
helicopters or satellites, a 2D 1image can be created. Thus, the
2D 1mage 1s created out of the rotation of the mirror and the
movement of the sensor 1tself.

Another known technique for creating a 2D image 1s fully
clectronic scanning using ¢.g. phased array antennas. These
kind of antennas are created out of a high number of single
sensors arranged 1n two dimensions. The array may extends
tens of centimeters or even some meters 1 both of the two
dimensions. The number of single sensors 1s directly related
to the resolution of the phased array. The single sensors are
operated with individual signals having a specific phase rela-
tion to each other 1 order to achieve a specific direction of the
antenna beam. Each direction corresponds to a specific phase
combination. Phased array antennas offer high flexibility but
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2

the high number of single sensors and the electronic circuit
for providing the phase relations makes this design very com-
plex and expensive.

BRIEF DESCRIPTION OF THE PRESENT
INVENTION

It 1s an object of the present invention to provide for an
iexpensive sensor unit for taking a two dimensional 1mage 1n
the microwave, millimeter wave and/or Terahertz frequency
range. This problem i1s solved by providing the sensor unit
according to the present invention.

The sensor unit according to the present mvention com-
prises a reflecting element mounted so as to be rotatable
around an axis of rotation and a line sensor operating in the
microwave, millimeter wave and/or terahertz frequency
range and having its field of view directed towards the reflect-
ing element, whereby the axis of rotation intersects with a
reflection plane of the reflecting element.

Thus, a 2D 1mage can be obtained using a relatively small
and inexpensive 1D line sensor. The size, cost and complexity
of the sensor unit 1s small compared to the prior art.

Advantageously, the axis of rotation 1s parallel to a field of
view plane of the line sensor.

Advantageously, the line sensor 1s mounted on the axis of
rotation.

Advantageously, the line sensor 1s adapted to electrically
scan 1its field of view.

Advantageously, the line sensor 1s a frequency sweeping
line sensor.

Advantageously, the sensor unmit further comprises an
image processor for compensating an inclination of the
reflected field of view plane due to a rotation of the reflective
clement.

Advantageously, the sensor unit further comprises one or
more further line sensors operating in the microwave, milli-
meter wave and/or terahertz frequency range and having the
respective one or more lields of view directed towards the
reflective element, whereby the field of view plane of each
line sensor intersects with the field of view plane of each other
line sensor. Hereby, when the number of line sensors 1s n, the
n field of view planes of the n line sensors are advantageously
provided at equal angular distance 0=180°/n. Alternatively,
the n field of view planes of the n line sensors are advanta-
geously provided at an angular distance o=<180°/n.

SHORT DESCRIPTION OF THE FIGURES

FIG. 1 shows a first embodiment of the sensor unit accord-
ing to the present invention.

FIG. 2 shows the defimition of a mirror inclination angle.

FIG. 3 illustrates the field of view of the line sensor accord-
ing to the first embodiment.

FIG. 4 shows a schematic representation of the electronic
components of the sensor unit.

FIG. 5 1llustrates operation of the sensor unit.

FIG. 6 shows schematic arrangements of line sensor
according to a further embodiment of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 shows a first embodiment of the sensor unit accord-
ing to the present invention. The sensor unit 1 comprises a
fixed mounted line sensor 1 and a rotating reflective element
2, 1n the following termed “mirror”. The mirror 2 as depicted
1s of rectangular shape, but a circularly or elliptically or
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otherwise shaped mirror 2 1s possible to. The mirror may have
a tlat (as depicted) or may have a curved retlecting surface.
When the mirror 1s tlat, the retflecting surface of the mirror 2
1s (defines) a reflection plane of the mirror 2. When the mirror
1s not flat but curved, the principal plane of the mirror 2 1s
(defines) a reflection of the mirror 2. The line sensor 2 oper-
ates 1n the microwave, millimeter wave and/or Terahertz fre-
quency range and 1s arranged so as to view reflections 1n the
mirror 2. The mirror 2 1s reflective for the wavelengths of the
range of operation of the line sensor 1. Eventually, the mirror
may be or be made from a metal, a meta material or a mirror
(in the narrow sense). A motor 3 comprising a fixed mounted
part 3a and a movable part 35 1s provided. The fixed mounted
motor part 3a and the movable (rotatable) motor part 35 are of
annular shape but other configurations are possible. The mir-
ror 2 1s fixed to the movable part 36 with two supporting
clements 5. The supporting elements 5 are of cylindrical
shape with one end attached to the movable part 35 and the
other end attached to the mirror 2. The supporting elements 5
are arranged 1n diametrical opposition on the annular shaped
movable motor part 3b. As the mirror 2 1s rotatable and the
line sensor 1 1s fixed, the mirror 2 1s rotatable in relation to the
line sensor 1.

Further shown 1s a right handed Cartesian coordinate sys-
tem with coordinate axes X, v, and z. For the purpose of ease
of explanation only, the x- and y-axes correspond to horizon-
tal directions and the z-axis correspond to the vertical direc-

tion. The movable motor part 4 and the mirror 2 are rotatable
around an axis of rotation 6 which coincides with the z-axis.
The axis of rotation 6 intersects with the mirror 2 (intersects
with the reflection plane of the mirror 2). The mirror 2 (the
reflection plane) might intersect with the rotation axis 6 at any
angle 0 between 0° exclusive and 90° exclusive (see FI1G. 2 for
a definition of the angle ¢). However, when the angle 1s very
small, the mirror 2 has to be very large and when the angle 1s
very large, the motor parts 3a, 35 and/or the line sensor 1
might block the sensor’s field of view. The axis of rotation 6
passes through the center of the annular movable motor part
3b and the center of the annular fixed motor part 3a.

FI1G. 3 1llustrates the field of view of the sensor 1. While the
field of view of a line sensor 1s often referred as one dimen-
sional, the notion ‘field of view’ 1s also used indicate the two
dimensional area within which radiation from a sensed object
or Irom infinity travels to the line sensor 1. This two dimen-
sional area (the field of view) defines and lies within a plane
which 1s called the field of view plane. In the embodiment, the
field of view lies within the vertical y-z-plane. The y-z-plane
1s the field of view plane of the line sensor 1. Generally, it 1s
possible however that the field of view deviates from the
vertical. The field of view 1s of substantially conical shape and
has an opening angle v. The field of view 1s composed of a
plurality of antenna emission and/or reception patterns (an-
tenna beams). The antenna beam width advantageously 1s
very small (very narrow antenna beam) so that a high resolu-
tion 1s obtained. Each antenna beam has a different direction
7. For ease of presentation, FIG. 3 shows five antenna beam
directions 7 only. Typically, a few tens, hundreds or even
thousands of antenna beam directions 7 will be provided.
Each antenna beam direction 7 corresponds to a pixel. Also,
an antenna beam direction might be varied continuously. The
ax1s of rotation 6 lies 1n the center of the field of view. In other
words, the axis of rotation 6 divides the field of view 1n two
equal parts. Or, more generally, the field of view 1s mirror
symmetrical 1n relation to the vertical x-z-plane. Generally, 1t
1s possible however that the field of view 1s not centered
around the rotation axis 6 or the x-z-plane. In this embodi-
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4

ment, the sensor 1 and the origin of all antenna beam direc-
tions 7 1s located on the axis of rotation.

The line sensor 1 might for example be a sweeping line
sensor, 1n which one antenna beam direction 7 1s sensed at a
time. Sweeping advantageously 1s electric and not mechanic,
since electric sweeping 1s faster and less error prone. For
example, the sensor 1 might be a well known frequency
sweeping line sensor (frequency scanning antenna). Alterna-
tively, all antenna beam directions 7 may be sensed simulta-
neously. This provides for even faster scanming but requires a
more complex and more expensive sensor 1.

Advantageously, the sensor unit comprises a processing
and control unit 8 for controlling the operation of the line
sensor 1 and the motor 3 as schematically depicted 1n FIG. 4.

The operation of the sensor unit 1s further explained 1n
relation with FIG. 5. With the sensor unit, a 360° panorama
image of a region around the sensor unit can be obtained. The
scanned region corresponds to a (closed) ribbon. The higher
the mirror inclination angle o (the more the mirror 2 1s hori-
zontal), the lower the imaged region will be located 1n relation
to the sensor unit. With the field of view arranged exactly as
described above, the ribbon 1s substantially arranged horizon-
tally. When—in departure thereoi—the field of view plane 1s
not vertical, the ribbon will deviate from the horizontal. Simi-
larly, when—in departure of the above described arrange-
ment—the field of view 1s not mirror symmetric in relation to
the x-z-plane or to a plane parallel to the x-z-plane, the ribbon
will deviate from the horizontal. Finally, when the field of
view 1s mirror symmetric in relation to a plane parallel to the
x-z-plane but—in departure of the above described arrange-
ment—1s not mirror symmetric in relation to the x-z-plane,
the ribbon will deviate from the horizontal. In the last case
however, the departure from horizontal arrangement 1s small
(negligible) when the 1imaged region 1s far and/or the mirror
inclination angle o is large.

FIG. 5 shows three image taking directions (corresponding,
to mirror rotation angles o) 10. The first image taking direc-
tion 10-1 corresponds to a mirror rotation angle of 0° and 1s
along the y-axis (more generally within the y-z plane). When
in the first 1mage taking direction 10-1, a first line 11-1 1s
scanned. The second image taking direction 10-2 corresponds
to a mirror rotation angle ¢, larger than 0° and smaller than
90° (e.g.) 45°. When 1 the second 1image taking direction
10-2, a second line 11-2 1s scanned. The third image taking
direction 10-3 corresponds to a mirror rotation angle a,=90°
and 1s along the x-axis (more generally within the x-z-plane).
When 1n the third image taking direction, a line 11-3 1is
scanned. When the mirror 2 1s rotated, the angle between the
image taking direction 10 and the scanned line 11 changes the
same amount. In the convention used, the angle between the
picture taking direction 10 and the scanned line 11 1s the same
as the mirror rotation angle .

At 0°, the scanning line 11-1 moves perpendicular to 1ts
extension and the scanning ribbon has maximum width.
When the mirror rotation angle o increases, the scanning line
11-2 moves askew to 1ts extension and the width of the scan-
ning ribbon decreases. At 90°, the scanning line 11-3 moves
along 1ts extension and the width of the scanning ribbon
decreases (degenerates) to zero. Similarly, at 180° the scan-
ning ribbon has full width and at 270° the width decreases to
zero. The scanning ribbon 1s said to have dead spots at 90° and
2770°.

Thus, a 2D 1mage can be obtained using a small and 1nex-
pensive 1D line sensor. The size, cost and complexity of the
sensor unit 1s small compared to the prior art.

The processing and control unit 8 may be adapted to com-
pensate the variation of the angle between the image taking
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direction 10 and the scanned line 11 using 1mage processing
technology (hardware and/or software) so that a non distorted
image 15 obtained. Of course, 1t can not compensate for the
decrease of the ribbon width, that 1s, the scanned area 1s the
same with or without compensation. In order to compensate
for the decrease of ribbon width (and effectively provide a
constant or more constant ribbon width), the line sensor 1
might be operated with ditferent field of width opening angles
v depending on the mirror rotation angle a. Compensation by
increasing the opening angle fails at and near the dead spots,
however.

The width of an 1mage 1s given by the vanation Ac. of the
mirror rotation angle o. It 1s envisaged that the above solution
using a single line sensor 1 1s used for image widths which are
considerably smaller than 180°, for example, 120°, 90°, 60°,
30° or even less. Such 1mages are advantageously centered
around o=0° or a.=180°. In the case of a 360° 1image, the shape
tor the mirror 2 which provides for the least mirror area 1s an
cllipse. When images of a smaller width Aa are taken, the
image area can be further reduced e.g. by adopting a bow tie
shape. For very small image widths Ac, an elongated mirror
of substantially rectangular form (line mirror) might be
employed.

For larger image widths Aa., the present invention proposes
the use of two or more line sensors, which are disposed at an
angle to each other. This provides for less reduction of the
ribbon width and eliminates dead spots. Possible arrange-
ments of the sensors and their field of views are depicted in
FIG. 6. Shown are up to three line sensors 21, 22, 23 1dentical
to the line sensor 1 described above. Each line sensor has a
conical field of view. The field of view planes of all sensors
21, 22, 23 are assumed to be vertical (parallel to or including
the z-axis) and each field of view 1s assumed to be mirror
symmetric in relation to a vertical plane. Generally, this need
not be the case however. Each line sensor 1s imndicated by a
line. The orientation of the line indicates the orientation of the
field of view. The center of the field of view (the origin of all
antenna beam directions 7) 1s indicated by a dot. Each of the
sensor’s fields of view 1s oriented such that 1t receives elec-
tromagnetic radiation reflected by the mirror 2.

In the first arrangement a), the sensor 21 1s arranged along,
the y-axis exactly as the line sensor 1 in the embodiment
having only one line sensor 1. The center of the field of view
of the first sensor 21 lies on the rotation axis 6 (1.¢. the z-axis).
The second line sensor 22 1s arranged along the x-axis. Thus,
the sensors 21, 22 are arranged at an angle 0=90° and their
field of view planes intersect at an angle of 0=90°. When the
mirror 2 1s 1n a dead spot position (90° or 270°) 1n relation to
the sensor 21, the mirror 1s 1n optimum position (maximum
ribbon width) in relation to the sensor 22. Therefore, the
problem of dead spots 1s overcome.

In the second arrangement b), the sensor 21 1s arranged
along the y-axis and the sensor 22 1s arranged along the
x-ax1s. Thus, the sensors 21, 22 are arranged at an angle
0=90° and their field of view planes intersect at an angle of
0=90°. Both the center of the field of view of the first sensor
21 and the center of the field of view of the second sensor 22
lie on the rotation axis 6. When the mirror 2 1s 1n a dead spot
position (90° or 270°) in relation to the sensor 21, the mirror
2 1s not1n a dead spot position 1n relation to the sensor 22 due
to the intersection of the field of view planes. Therefore, the
problem of dead spots 1s overcome.

In the third arrangement c¢), the sensors 21, 22 are arranged
at an angle 0<<90° and their field of view planes intersect at an
angle 0<90°. None of the field of view centers 1s located on
the axis of rotation 6.

10

15

20

25

30

35

40

45

50

55

60

65

6

In the fourth arrangement d), the sensors 21, 22 are
arranged at an angle 0<90° and their field of view planes
intersect at an angle 0<90°. Both field of view centers are
located on the axis of rotation 6.

In the fifth arrangement ¢), the sensors 21, 22, 23 are
arranged at an angle 0=60° and their field of view planes
intersect at an angle 0=60°. None of the field of view centers
1s located on the axis of rotation 6.

In the sixth arrangement 1), the sensors 21, 22, 23 are
arranged at an angle 0=60° and their field of view planes
intersect at an angle 0=60°. Each of the field of view centers
1s located on the axis of rotation 6.

In the seventh arrangement g), the sensors 21, 22, 23 are
arranged at an angle 0<60° and their field of view planes
intersect at an angle 0<60°.

The arrangements b), d) and 1), where the centers of each
field of view lie on the rotation axis 6, have the advantage that
the various ribbons are arranged substantially 1n the horizon-
tal. When such arrangement 1s not possible (e.g. due to the use
of generic line sensors 21, 22, 23 which can not be crossed) 1t
may be advantageous to locate sensors 21, 22, 23 and/or their
field of view centers (the origin of all antenna beam directions
7) as close as possible to the axis of rotation 6 in order to
minimize the ribbon’s deviations from the horizontal. Some
of the configurations a), ¢), €) and g) may not be optimal 1n
this respect.

The arrangements ¢), d) and g), where the n field of view
planes of the n line sensors are provided at an angular distance
0=180°/n, have the advantage that they provide for the largest
minimum ribbon width 1n a specific section of the ribbon for
any arrangement ol n line sensors.

The arrangements a), b), €) and 1), wherein the n field of
view planes of the n line sensors are provided at equal angular
distance 0=180°n, have the advantage that they provide for
the largest minimum ribbon width of any arrangement of n
line sensors.

The processing and control unit 8 advantageously 1s
adapted to merge all the (image) information provided by the
various line sensors 21, 22, 23 to a single 2D 1image (e.g.
360° panorama 1mage).

The mirror 2 1s driven by the motor 3. The mirror 2 may for
example be driven so as to rotate always 1n one direction (e.g.
in embodiments where an 1mages of small width Ac. 1s taken)
or may be driven so as to alternately rotate clockwise and
anti-clockwise (e.g. in embodiments where 1mages of wide
widths Aa. are taken). The mirror may for example be driven
stepped (in accordance with line image taken by the line
sensor 1) or be driven with constant angular speed (at least
during the recording of an 1mage).

Still 1mages and/or moving images (video) may be
obtained with the sensor unit.

The mvention claimed 1s:

1. A sensor unit comprising;:

a reflecting element mounted to be rotatable around an axis

of rotation;

a fixed line sensor operating 1n the microwave, millimeter
wave or terahertz frequency range, the fixed line sensor
having a field of view directed towards the reflecting
element; and

an 1mage processor configured to adjust a width of the field
of view of the line sensor based on a rotation angle of the
reflecting element,

wherein the reflecting element rotates about the axis of
rotation to sweep the field of view of the fixed line sensor
over a two-dimensional field of view plane, and the axis
of rotation intersects with a reflection plane of the
reflecting element.
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2. The sensor unit according to claim 1, wherein the axis of
rotation 1s parallel to a field of view plane of the fixed line
SEensor.

3. The sensor unit according to claim 1, wherein the fixed
line sensor 1s mounted on the axis of rotation. 5
4. The sensor unit according to claim 1, wherein the fixed

line sensor 1s adapted to electrically scan 1ts field of view.

5. The sensor unit according to claim 1, wherein the fixed
line sensor 1s a frequency sweeping line sensor.

6. The sensor unit according to claim 1 further comprising: 10

one or more further line sensors operating in the micro-
wave, millimeter wave or terahertz frequency range and
having the respective one or more fields of view directed
towards the reflective element,

wherein the field of view plane of each line sensor iter- 15
sects with the field of view plane of each other line
SeNsor.

7. The sensor unit according to claim 6, wherein a number

of line sensors 1s n and n field of view planes of the n line
sensors are provided at equal angular distance o=180°/n. 20

8. The sensor unit according to claim 6, wherein a number
of line sensors 1s n and n field of view planes of the n line
sensors are provided at an angular distance o=180°/n.

9. The sensor unit according to claim 1, further comprising:

a motor including a fixed part and a movable part, said 25
reflecting element being fixed to the movable part with
supporting elements to rotate said retlecting element
around said axis of rotation, said motor being of annular
shape and surrounding said fixed line sensor.

10. The sensor unit according to claim 9, wherein the motor 30

rotates the reflection element alternately in a clockwise and
an anti-clockwise direction.
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